Abstract-In this paper, downlink resource management scheme is proposed for heterogeneous packet transmission in orthogonal frequency-division multiplexing (OFDM) wireless communication systems. By making use of the properties in the physical layer of the OFDM system, the resource management scheme is developed by integrating power allocation, subcarrier allocation, and generalized processor sharing (GPS) scheduling. With the scheme, maximum system throughput can be achieved, while guaranteeing the required signal-to-noise ratio (SNR) for heterogeneous traffic, providing fairness to all the traffic in the system, and satisfying the total transmission power constraint. For practical implementation, a truncated GPS (TGPS) scheduling and a simplified power and subcarrier allocation algorithm are introduced. Simulation results are given to demonstrate the performance of the proposed resource management scheme.
I. INTRODUCTION
With the increasing demand of wireless access to the Internet, the downlink (from the base station to the mobile users) may have to transport a large amount of traffic. Orthogonal frequency-division multiplexing (OFDM) has been proposed for the future multimedia wireless communication systems due to its capacity in combating frequency selective fading and intersymbol interference (ISI). Supporting multimedia traffic and making efficient use of the radio resource are very challenging tasks for the downlink OFDM wireless systems due to the scare radio resource, the time-variant channel conditions, and the diverse quality of service (QoS) requirements. One of the promising approaches is to employ a resource management scheme at the link layer which should be efficient in utilizing the radio resources, and be fair in scheduling services.
An ideal fair scheduling discipline is the well-known generalized processor sharing (GPS) [1] . The basic principle of GPS is to assign each user a fixed weight, instead of a fixed bandwidth, and to dynamically allocate bandwidth to all the users according to their weights and traffic load. Several GPSbased fair scheduling schemes, e.g., packet GPS (PGPS), have been proposed for wireline packet networks [1] , and have been adapted to time-division multiple access (TDMA) based wireless networks [2] and code-division multiple access (CDMA) based wireless networks [3] - [4] . However, to our knowledge, resource allocation schemes by appropriately allocating power and transmission rate in circuit-switched OFDM systems have been proposed to support single user with multiple QoS traffic [5] - [6] . Little research on the fair scheduling has been done for the packet-switched OFDM wireless systems.
In this paper, a downlink resource management scheme is proposed for heterogeneous packet transmission in OFDM wireless communication systems. By making use of the properties in the physical layer of the OFDM system, an optimal resource management scheme is developed by integrating power allocation, subcarrier allocation, and the GPS scheduling to achieve maximum system throughput while guaranteeing the required signal-to-noise ratio (SNR) for heterogeneous traffic, providing fairness to all the traffic admitted in the system, and satisfying the total transmission power constraints. For implementation in the practical OFDM systems, a truncated GPS (TGPS) scheduling and a simplified power and subcarrier allocation algorithm are proposed. Simulation results show that the proposed resource management scheme can achieve better performance in terms of system throughput and transmission delay than the PGPS based scheme, and can achieve similar fairness as the GPS based scheme.
The remainder of this paper is organized as follows. In section II, the OFDM system model is described. An optimal resource management problem is formulated in section III. A truncated GPS (TGPS) and a simplified power and subcarrier allocation algorithm are proposed in section IV. Simulation results are given in section V, followed by the conclusions in section VI.
II. SYSTEM MODEL
Consider an OFDM system with N users. For the downlink, the received signal of the ith user at the qth subcarrier and the kth symbol can be expressed as [7] 
where 3) The transmission symbol rate is fixed for each subcarriers. Transmission bit rate can only be changed by changing the modulation level or the number of subcarriers allocated. All these properties in the physical layer of the OFDM system introduce new requirements and features for designing the resource management scheme at the link layer.
III. OPTIMAL RESOURCE MANAGEMENT SCHEME Consider a special OFDM system, where the number of subcarriers, M, is set to be large enough such that the subcarrier (or bandwidth) allocation can be carried out at any small frequency band. Assume fixed modulation level for all subcarriers. Then, the number of subcarriers or the system bandwidth completely defines the system transmission rate and the OFDM system can be represented as a queueing model, shown in Fig. 1 , where each virtual channel is the combination of the subcarriers allocated to the given user. C k denotes the applicable system bandwidth at the time instant k and is time-variant, which is determined by the channel condition and the resource allocation algorithm applied. Because the number of subcarriers is assumed to be large enough, the subcarrier allocation functions, each of which represents the subcarrier distribution of the given user over the whole bandwidth, can be defined as continuous functions, {A
where W is the total bandwidth of the system. A k i (f ) has two values,
Our objective is to maximize the normalized system throughput, defined as
W , subject to the constraints on total transmission power and users' SNR requirements. Let the set of backlogged users be B. The optimal resource management in the OFDM system can be described as follows:
where φ i is a predefined weight for user i by GPS, P denotes the base station transmission power limitation and {SN R i , i = 0, 1, . . . , N − 1} denotes the SNR requirement of user i. In (2), Condition I means that the total transmission power should be less than the transmission power limitation while satisfying all users' SNR requirements; Condition II means that no more than one user transmits in the same subcarrier; and Condition III describes the requirement of the GPS scheduling.
If the optimal solutions in (2) could be obtained, they would give the optimal resource management and could act as the performance benchmark. However, both the ideal GPS scheduling, which is based on the fluid-flow model, and the OFDM system with very large M cannot be implemented in the practical systems. In addition, the computation complexity of (2) is very high. In the following, we introduce a suboptimal solution which is suitable for the practical OFDM wireless communication systems.
IV. SUBOPTIMAL RESOURCE MANAGEMENT SCHEME
The centralized optimization problem (2) is decomposed into a hierarchy of two subproblems (scheduling and, power and subcarrier allocation), with each performing independent and parallel optimizations.
A. Truncated GPS (TGPS) Scheduling
Implementation of the ideal GPS scheduling assumes that all backlogged users can be served simultaneously in arbitrarily small increments. Although the parallel transmission property and the orthogonality among the subcarriers make the OFDM system possible to achieve an ideal GPS scheduling at the link layer, two features prevent this application. 1) The total bandwidth is quantized to M subcarriers. It results in a limitation on the maximum number of users which can be transmitted simultaneously. When the total transmission power is limited, the number of effective subcarriers, defined as the number of subcarriers that can be actually supported by the system, is even less than M due to severe channel fading. Thus, at some time instants when the total number of backlogged users is larger than the number of effective subcarriers, some backlogged users cannot obtain the bandwidth which should be guaranteed in the ideal GPS scheduling. 2) In the OFDM system, the minimal transmission unit is a symbol. Even when the total number of backlogged users is less than the number of effective subcarriers, the scheduling scheme may still not be able to guarantee the capacity allocation according to the predefined weights, {φ i , i ∈ B}, because the required capacity may not be an integer number of subcarriers. In what follows, a truncated GPS (TGPS), is proposed for the practical OFDM systems.
Given the number of effective subcarriers, M k effective , at any time instant k in the busy period, the TGPS scheduling allocates the available subcarriers to each user by
where x denotes the floor function which takes the maximal integer less than or equal to x. Define the capacity loss of each backlogged user, {ε k i , i ∈ B}, as the difference of capacity allocation between (3) and the ideal GPS scheduling
It is obvious that ε k i results from the quantization of the OFDM system in the frequency domain. Using the same terminology of the quantization in the sampling technology, we term the ε k i as the quantization error. Define the accumulated quantization error {∆M k i , i ∈ B} as the quantization error accumulated till the time instant k. The accumulated quantization error can be obtained as
where ∆M 0 i = 0. After the allocation in (3), there may be some subcarriers which are not allocated. Define the number of unallocated subcarriers as M k lef t . It can be calculated as
For a work conserving system, the unallocated subcarriers needs to be allocated to some users. Since the accumulated quantization errors reflect the total difference between the proposed TGPS scheduling and the ideal GPS scheduling, in order to minimize the difference, a compensation algorithm is introduced to allocate the unallocated subcarriers to the users with maximum accumulated quantization errors. The compensation algorithm at time instant k can be described as following: 1. Select the user i which has maximum accumulated quantization error
2. Allocate one unallocated subcarrier to user i and carry out following upgrades:
3. Repeat steps 1 -2 until M k lef t = 0. When one user completes all packet transmissions and departs from the set B, its accumulated quantization error is set to be zero. The reason is that when the user completes the transmission of all its packets, the quantization error accumulated has been translated into the transmission delay of the packets. The error should not be reconsidered for the future transmissions. Compared with the GPS scheduling, the proposed TGPS scheduling can guarantee the capacity allocation to all backlogged users at any time instant k according to the predefined weights φ i . The guarantee on capacity allocation indicates that the proposed TGPS scheduling can provide fairness among users.
B. Power and Subcarrier Allocation Algorithm
The information M k i , i ∈ B from the TGPS scheduling is actually the function of the parameter M k effective , which is determined by the power and subcarrier allocation algorithm. Here, the allocation algorithm is designed to determine which subcarriers are allocated to the given user based on the information M k i so that the total transmission power is minimized. Given the information M k i , i ∈ B, the optimal power and subcarrier allocation can be derived from (2) as
Different from (2), the subcarrier allocation function A k i (q), i ∈ B, is a discrete two-value function defined on q ∈ {0, 1, . . . , M − 1}. Since a fast allocation algorithm is required for the practical system, in the following, a simplified power and subcarrier allocation algorithm to achieve the approximate solution for (9) is proposed based on the fact that the user with high SNR requirement will dominant the power consumption. This can be explained as follows.
Consider an OFDM system with only two users, represented as user 1 and user 2, having SNR requirements of SN R 1 and SN R 2 , respectively. Assume SN R 2 > SNR 1 . The power consumption at given subcarrier is determined by the function g(α) = SN R/α. It's derivative with respect to α is −SN R/α 2 . It is obvious that increasing the channel gain will decrease more transmission power for the user 2 than the user 1 since the function SN R/α has larger derivative at any given α for the user with higher SNR. Therefore, the user with high SNR requirement has more effects on the power consumption and should get high priority to occupy the subcarriers with the highest channel gains.
Based on the observation, a simplified power and subcarrier allocation algorithm is proposed as following: 1. At any time instant k, the power and subcarrier allocation algorithm accepts the information of {M k i , i ∈ B}, from the TGPS scheduling. 2. The users are sorted in the non-increasing order according to their SNR requirements. Then, the subcarriers are allocated to users one by one. 3. At the jth step of subcarrier allocation, let Ω j be the set of subcarriers which have not been allocated till the jth step and the user l be the user with the maximum SNR requirement among the unallocated users. The power and subcarrier allocation algorithm selects M k l subcarriers with maximum channel gains from the set Ω j and allocates them to the user l. 4. After the subcarrier allocation, the algorithm calculates the power needed for each subcarrier. 
V. SIMULATION RESULTS AND DISCUSSIONS
Consider an OFDM system using QPSK [7] . The entire system bandwidth is 800kHz, which is divided into 128 subcarriers and four subcarriers on each end are used as guard tones. An additional 40µs guard interval is used to provide protection from ISI, which results in a total block length T = 200µs and a subcarrier symbol rate r s = 5kBd. The channel used for simulation is a two-path Rayleigh-fading channel model with delay 0µs and 20µs, respectively. The normalized Doppler fading rate is f d T = 0.01 and the power delay profile satisfies uniform distribution. The channels corresponding to different users have the same but independent statistics.
Two classes of packetized traffic are considered: voice and video. Voice traffic is generated using an On-Off model. During On state, the voice packets arrive at a constant rate R vo = 16 kb/s. The voice activity factor is chosen to be 0.4. Video traffic is modeled by an 8-state Markov-modulated Poission process (MMPP). In each state, packet arrival satisfies a Poisson process. The average duration in each state is chosen to be 40 ms. The SNR requirements of the voice and the video traffic are set to be 10dB and 14dB, respectively. Both classes of traffic have same packet length 50 symbols/packet. The simulation period is 5 seconds.
We first simulate three homogeneous video flows with the same weights, φ 1 = φ 2 = φ 3 . For comparison, the conventional PGPS scheduling in [2] is also simulated. Since the transmission power limitation determines the number of the effective subcarriers, we change the transmission power limitation to reflect different system loads. Figs. 2 and 3 present the performance on maximum and average transmission delays, and system throughput, respectively. It can be seen that the proposed resource management scheme significantly outperforms the conventional one based on PGPS scheduling. The performance gain results from the parallel transmission properties of the TGPS scheduling, which allows the power and subcarrier allocation algorithm to make full use of the multiuser diversity gain. Much lower transmission delay indicates that the proposed scheme is much more suitable to support the delay-sensitive traffic, such as, voice.
The fairness of the proposed TGPS scheduling is demonstrated in Fig. 4 in terms of the subcarrier allocation for each video flow over a time duration under the transmission power limitation 27dB. It can be observed that the subcarrier allocation of each flow is proportional to its weight as long as it is continually backlogged, except a very small fluctuation due to the quantization error. Therefore, the proposed TGPS can achieve nearly the same fairness performance as the ideal GPS.
Same simulation is carried out for the flows with different weights, φ 1 = 1, φ 2 = 2, and φ 3 = 3 and the flows with significant different weights, φ 1 = 100, φ 2 = 19, and φ 3 = 1. Although the simulation results are not shown due to the page limit, the same performance gain can be observed as that with the same weights case.
To demonstrate the performance of the proposed resource management scheme in a heterogeneous traffic environment, 10 voice flows and 3 VBR video flows are simulated. The weights of the voice flows and the video flows are set to be 2 and 1, respectively, to characterize the delay sensitivity of the voice flows. The transmission power limitation is set to be 30dB. Simulation results are summarized in Table I . It can be seen that lower maximum and average transmission delays are achieved for the voice traffic flows, since they have larger weights than the video traffic flows.
VI. CONCLUSIONS
Downlink resource management in packet OFDM wireless communication systems has been studied. It has been shown that the proposed resource management scheme is suitable for supporting downlink multimedia traffic, and at same time makes efficient resource utilization. The implementation of the proposed resource management scheme in the practical OFDM systems has been discussed by proposing a truncated GPS (TGPS) scheduling, and a simplified power and subcarrier allocation algorithm.
ACKNOWLEDGMENT
This work has been supported by a grant from the Natural Science and Engineering Research Council (NSERC) of Canada. 
